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METHOD OF OPERATING WAVELENGTH
SWEPT SOURCE APPARATUS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a divisional of co-pending application
Ser. No. 14/104,454 filed on Dec. 12, 2013, and claims pri-
ority to and the benefit of Korean Patent Application No.
10-2013-0070374, filed on Jun. 19, 2013, the disclosure of
which is incorporated herein by reference in its entirety.

BACKGROUND OF THE INVENTION

1. Technical Field

The inventive concept relates to a wavelength tunable light
source apparatus, and more particularly, to a wavelength
swept source apparatus for sequentially and rapidly emitting
a plurality of light rays having different frequencies.

2. Description of Related Art

A wavelength swept source apparatus sequentially emits a
plurality of rays having different frequencies. The wave-
length swept source apparatus is used in various fields such as
the fields of a real-time optical coherent tomography (OCT)
instrument for monitoring an industrial process, a medical
three-dimensional OCT instrument, a light source for optical
communication, a semiconductor analyzer, a polymer analy-
sis spectrometer, and a light source for an environmental gas
monitoring apparatus.

The wavelength swept source apparatus may be construed
as one type of a wavelength tunable light source apparatus, in
a broad sense. The wavelength swept source apparatus may
be classified into a bulk optics type, a fiber optics type, and a
semiconductor integrated optical element type, according to a
type of a resonator. According to the bulk optics type appa-
ratus, a wavelength of light may be changed within an optical
gain bandwidth of a light source, a resonator may be easily
implemented, and an optical loss is small. However, the bulk
optics type apparatus needs precise optical alignment and has
a large volume. Moreover, the bulk optics type apparatus has
low reliability due to its strong mechanical vibration.

According to the fiber optics type apparatus, the wave-
length swept source apparatus may be implemented in vari-
ous configurations and forms according to linear or nonlinear
characteristics of an optical fiber. However, the fiber optics
type apparatus has a large volume and includes a large num-
ber of components, accordingly, has high unit cost of the
apparatus. Furthermore, when a frequency of light outputted
from the fiber optics type apparatus varies rapidly, intensity of
the output light is reduced and linewidth of the output light is
broadened.

The semiconductor-integrated optical element type appa-
ratus has a small volume and high reliability, and may be
manufactured cost-effectively. However, according to the
semiconductor-integrated optical element type apparatus, an
oscillation mode may be discontinuously switched while a
wavelength is tuned, i.e., a mode hopping phenomenon may
occur. Moreover, according to the semiconductor integrated
optical element type apparatus, a method to change a fre-
quency is complicated.

In the past, each of the above-mentioned implementation
types had distinctly different performance, advantages, and
disadvantages. Thus, each of the implementation types was
applied to different fields. However, according to the devel-
opment of implementation technology and the improvement
of apparatus performance, the limitations of each of the
implementation types have been recently overcome. Accord-
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2

ingly, the fields to which each ofthe implementation types are
applied overlap with each other.

The OCT or automatic optical inspection (AOI) system
using the wavelength swept source apparatus needs to pro-
vide a high-definition image in real time. In these systems, an
apparatus for rapidly changing a frequency of output light
should be used. A tuning rate of about 1 MHz or higher is
required so that these systems provide at least five sheets of a
high-definition three-dimensional image per second. How-
ever, the typical implementation types have limitations in
terms of a frequency changing speed of output light and
operation stability. Thus, the typical implementation types
have a tuning rate of several tens to several hundreds of kHz.

SUMMARY OF THE INVENTION

The inventive concept provides a wavelength swept source
apparatus having a different structure from that of a typical
wavelength swept source apparatus, and a method for oper-
ating thereof. According to an embodiment of the inventive
concept, limitations of the typical wavelength swept source
apparatus may be overcome. That is, the wavelength swept
source apparatus according to the inventive concept may
sequentially emit a plurality of light rays having different
frequencies stably and rapidly.

One embodiment of the inventive concept may provide
wavelength swept source apparatuses including: a light
source configured to generate single mode light; an optical
comb generation unit configured to generate a basic optical
comb comprising a plurality of light rays having identical
frequency differences with adjacent light rays by modulating
the generated single mode light; a frequency band extension
unit configured to generate a plurality of optical combs by
modulating the plurality of light rays, wherein each of the
plurality of optical combs comprises same number of light
rays as the plurality of light rays, each of the same number of
light rays has identical frequency differences with adjacent
light rays, each of the plurality of optical combs does not
overlap the basic optical comb and has a different frequency
band from that of the basic optical comb, and the plurality of
optical combs is distributed in a wider frequency band than
that in which the basic optical comb is distributed; and a light
emission unit configured to sequentially emit the plurality of
light rays and light rays included in the plurality of optical
combs according to frequencies of the plurality of light rays
and the light rays included in the plurality of optical combs.

In one embodiment, each of the plurality of light rays may
be a harmonic wave of the generated single mode light. In this
embodiment, the optical comb generation unit may include
one of a double electrode Mach-Zehnder modulator, and an
intensity modulator and a phase modulator which are con-
nected to each other in series. In this embodiment, one of the
double electrode Mach-Zehnder modulator, and the intensity
modulator and the phase modulator which are connected to
each other in series may be formed by one of a light
waveguide structure and a structure integrated on a same
substrate as that of the light source.

Inone embodiment, the frequency band extension unit may
be formed of a medium having a self-phase modulation char-
acteristic. In this embodiment, the frequency band extension
unit may be formed of one of a high nonlinear fiber and a
photonic crystal fiber.

In one embodiment, the light emission unit may sequen-
tially emit the plurality of light rays and the light rays
included in the plurality of optical combs according to a group
velocity dispersion characteristic of a medium. In this
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embodiment, the light emission unit may be formed of one of
a dispersive fiber and a dispersion shifted fiber.

In one embodiment, the light emission unit may include a
dispersion controller configured to adjust an interval between
each time at which each of the plurality of light rays and the
light rays included in the plurality of optical combs is emitted.

In one embodiment, the wavelength swept source appara-
tus may further include a polarization controller configured to
control a polarization characteristic of input light and/or out-
put light of the optical comb generation unit.

In one embodiment, the wavelength swept source appara-
tus may further include an optical amplifier or optical attenu-
ator configured to adjust intensity of output light of the optical
comb generation unit.

In one embodiment, the wavelength swept source appara-
tus may further include an isolator connected to an output
terminal of the light emission unit to block reflected light.

Other embodiment of the inventive concept may provide a
method for operating a wavelength swept source apparatus
including: generating single mode light; generating a basic
optical comb comprising a plurality of light rays having iden-
tical frequency differences with adjacent light rays by modu-
lating the generated single mode light; generating a plurality
of optical combs by modulating the plurality of light rays,
wherein each of the plurality of optical combs comprises
same number of light rays as the plurality of light rays, each
of the same number of light rays has identical frequency
differences with adjacent light rays, each of the plurality of
optical combs does not overlap the basic optical comb and has
a different frequency band from that of the basic optical
comb, and the plurality of optical combs is distributed in a
wider frequency band than that in which the basic optical
comb is distributed; and sequentially emitting the plurality of
light rays and light rays included in the plurality of optical
combs according to frequencies of the plurality of light rays
and the light rays included in the plurality of optical combs.

In some embodiments, each of the plurality of light rays
may be a harmonic wave of the generated single mode light.

In other embodiments, the generating of the plurality of
optical combs may include generating the plurality of optical
combs according to a self-phase modulation characteristic of
a medium.

In still other embodiments, the emitting may include
sequentially emitting the plurality of light rays and the light
rays included in the plurality of optical combs according to a
group velocity dispersion characteristic of a medium.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings are included to provide a
further understanding of the inventive concept, and are incor-
porated in and constitute a part of this specification. The
drawings illustrate exemplary embodiments of the inventive
concept and, together with the description, serve to explain
principles of the inventive concept. In the drawings:

FIG. 1 is a block diagram illustrating a configuration of a
wavelength swept source apparatus according to an embodi-
ment of the inventive concept;

FIG. 2 is a conceptual diagram illustrating a configuration
of an optical comb generation unit that may be included in an
embodiment of the inventive concept;

FIG. 3 is a conceptual diagram illustrating other configu-
ration of an optical comb generation unit that may be included
in an embodiment of the inventive concept;

FIG. 4 is a graph illustrating a characteristic of light out-
putted from an optical comb generation unit that may be
included in an embodiment of the inventive concept;
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FIG. 5 is a graph illustrating a characteristic of light out-
putted from a frequency band extension unit that may be
included in an embodiment of the inventive concept;

FIG. 6 is a graph illustrating a characteristic of light emit-
ted from a light emission unit that may be included in an
embodiment of the inventive concept;

FIG. 7 is ablock diagram illustrating other configuration of
awavelength swept source apparatus according to an embodi-
ment of the inventive concept;

FIG. 8 is a graph illustrating a characteristic of light out-
putted from a dispersion controller that may be included in an
embodiment of the inventive concept;

FIG. 9 is a graph illustrating a characteristic of a voltage
applied to an optical comb generation unit and a characteristic
of light emitted from a light emission unit according to an
embodiment of the inventive concept; and

FIG. 10 is a flowchart illustrating a method for operating a
wavelength swept source apparatus according to other
embodiment of the inventive concept.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

The above-described characteristics and the following
detailed description are merely examples for helping the
understanding of the inventive concept. That is, the inventive
concept may be embodied in different forms and should not
be constructed as limited to the embodiments set forth herein.
The following embodiments are merely examples for com-
pletely disclosing the inventive concept and for delivering the
inventive concept to those skilled in the art that the inventive
concept belongs. Therefore, in the case where there are mul-
tiple methods for implementing the elements of the inventive
concept, the inventive concept may be implemented with any
of the methods or an equivalent thereof.

When it is mentioned that a certain configuration includes
a specific element or a certain process includes a specific step,
another element or another step may be further included. That
is, the terms used herein are not for limiting the concept of the
inventive concept, but for describing a specific embodiment.
Furthermore, the embodiments described herein include
complementary embodiments thereof.

The terms used herein have meanings that are generally
understood by those skilled in the art. The commonly used
terms should be consistently interpreted according to the
context of the specification. Furthermore, the terms used
herein should not be interpreted as overly ideal or formal
meanings, unless the meanings of the terms are clearly
defined. Hereinafter, the embodiments of the inventive con-
cept will be described with reference to the accompanying
drawings.

FIG. 1 is a block diagram illustrating a configuration of a
wavelength swept source apparatus according to an embodi-
ment of the inventive concept. A wavelength swept source
apparatus 100 includes a light source 110, an optical comb
generation unit 130, a frequency band extension unit 150, and
a light emission unit 170.

The light source 110 may generate single mode light. The
light source 110 may be a longitudinal single mode laser
diode for generating a laser having a single frequency. For
instance, the light source 110 may be formed as any one of a
distributed feedback laser diode, a distributed Bragg reflector
laser diode, and an external cavity laser. In this case, the light
source 110 may operate by being supplied with a laser diode
current I ,,, and generate the single mode light.

In FIG. 1, it is assumed that the light source 110 is the
longitudinal single mode laser diode operating by being sup-
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plied with the laser diode current. This assumption is not for
limiting the scope of the inventive concept, but for illustrating
the inventive concept. That is, the light source 110 may have
any form for generating the single mode light.

The optical comb generation unit 130 may be provided
with the single mode light generated by the light source 110.
The optical comb generation unit 130 may generate a basic
optical comb by modulating the single mode light. The basic
optical comb includes a plurality of light rays having different
frequencies. The plurality of light rays included in the basic
optical comb has the same frequency difference with an adja-
cent ray.

The optical comb generation unit 130 may generate the
plurality of light rays having different frequencies using a
method of mode locking or a method of generating a har-
monic wave through phase modulation. Particularly, when
the method of generating the harmonic wave is used, a center
frequency is determined by a frequency of the single mode
light generated by the light source 110, and the frequency of
the single mode light is not changed. Furthermore, when the
method of generating the harmonic wave is used, a frequency
interval between each of the plurality of light rays included in
the basic optical comb is determined by a modulation fre-
quency, and thus adjustment of the frequency interval is not
difficult. Moreover, when the method of generating the har-
monic wave is used, the plurality of light rays included in the
basic optical comb may be adjusted to have a uniform inten-
sity, based on an amount of phase change and phase differ-
ence. That is, the method of generating the harmonic wave
may be more useful than the method of mode locking.

When the method of generating a harmonic wave is used,
each of the plurality of light rays included in the basic optical
comb may be a harmonic wave of the single mode light
generated by the light source 110. A conceptual configuration
of the optical comb generation unit 130 using the method of
generating the harmonic wave will be described later with
reference to FIGS. 2 and 3. A characteristic of the plurality of
light rays included in the basic optical comb will be described
in more detail with reference to FIG. 4.

The frequency band extension unit 150 may be provided
with the basic optical comb generated by the optical comb
generation unit 130. The frequency band extension unit 150
may generate a plurality of optical combs by modulating the
basic optical comb. Each of the plurality of optical combs
includes light rays, the number of which is the same as that of
the plurality of light rays included in the basic optical comb.

The light rays included in each of the plurality of optical
combs have the same frequency difference with an adjacent
light ray. There is a one-to-one correspondence between the
light rays included in each of the plurality of optical combs
and the plurality of light rays included in the basic optical
comb. Frequency difference between a first light ray and a
second light ray adjacent to the first light ray, among the
plurality of light rays included in the basic optical comb, is the
same as frequency difference between a light ray correspond-
ing to the first light ray and a light ray corresponding to the
second light ray, among the light rays included in each of the
plurality of optical combs.

A frequency band in which the plurality of light rays
included in the basic optical comb are distributed and a fre-
quency band in which the light rays included in each of the
plurality of optical combs are distributed do not overlap each
other. As a result, the plurality of optical combs may be
distributed in a wider frequency band than that in which the
basic optical comb is distributed. A characteristic of the plu-
rality of light rays included in the basic optical comb and the
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light rays included in each of the plurality of optical combs
will be described in more detail with reference to FIG. 5.

An output of the frequency band extension unit 150 may
seem as if the basic optical comb has been extended over a
wider frequency band. The frequency band extension unit 150
may be formed of a medium exhibiting a four-wave mixing
phenomenon or a medium having a nonlinear characteristic
such as self-phase modulation characteristic. Particularly, the
nonlinear characteristic is affected by intensity of light inci-
dent into the medium, a nonlinear coefficient, and length of
the medium. The medium having the nonlinear characteristic
may be formed of silica, silicon, group III-V semiconductor
materials, or polymer materials. The medium having the non-
linear characteristic may have an optical waveguide structure
or may be formed of an optical fiber. The nonlinear charac-
teristic may be improved by modifying the materials of the
medium or the structure of the optical waveguide or the opti-
cal fiber. For instance, the frequency band extension unit 150
may be formed of one of a high nonlinear fiber (HNLF) and a
photonic crystal fiber, in which the self-phase modulation
characteristic is maximized.

The light emission unit 170 may be provided with the basic
optical comb and the plurality of optical combs generated by
the frequency band extension unit 150. The light emission
unit 170 may sequentially emit the plurality of light rays
included in the basic optical comb and the light rays included
in each of the plurality of optical combs, i.e., S_,,. The light
emission unit 170 may sequentially emit the light rays
according to the frequencies thereof. For instance, the light
emission unit 170 may sequentially emit the light rays using
a group velocity dispersion characteristic of a medium.

A typical optical fiber has such a characteristic that a dis-
persion coefficient is changed according to an operating fre-
quency. Therefore, when a plurality of light rays having dif-
ferent frequencies is transmitted through the optical fiber, the
light rays are emitted with an interval of time. Additionally,
the interval between each time at which each of the light rays
is emitted may be adjusted by adjusting the length of the
optical fiber. For instance, when the light emission unit 170 is
formed of one of a dispersive fiber and a dispersion shifted
fiber, the dispersion coefficient may be changed. A character-
istic of the sequentially emitted light rays will be described in
more detail with reference to FIG. 6.

FIG. 2 is a conceptual diagram illustrating a configuration
of'an optical comb generation unit that may be included in an
embodiment of the inventive concept. Particularly, FIG. 2
illustrates a case where the optical comb generation unit 130
includes a double electrode Mach-Zehnder modulator
(DEMZM).

The DEMZM of the optical comb generation unit 130 may
include an input light waveguide 131, a first modulation unit
132, a second modulation unit 133, and an output light
waveguide 134. The input light waveguide 131 may be pro-
vided with the single mode light generated by the light source
110 (refer to FIG. 1). A first modulation voltage V ,, and a first
static voltage V, for phase control may be applied to the first
modulation unit 132. A terminal resistance (not shown) may
be connected to the first modulation unit 132. A second modu-
lation voltage V,,,, and a second static voltage V, for phase
control may be applied to the second modulation unit 133. A
terminal resistance (not shown) may also be connected to the
second modulation unit 133. According to modulation results
of the first modulation unit 132 and the second modulation
unit 133, the output light waveguide 134 may generate the
basic optical comb. The basic optical comb includes a plural-
ity of light rays having difterent frequencies.
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The optical comb generation unit 130 including the
DEMZM may be formed by a light waveguide structure,
which is composed of a semiconductor material, a polymer
material, or LiNO;. Alternatively, the optical comb genera-
tionunit 130 including the DEMZM may be integrated on the
same substrate as that of the light source 110.

FIG. 3 is a conceptual diagram illustrating other configu-
ration of an optical comb generation unit that may be included
in an embodiment of the inventive concept. Particularly, FIG.
3 illustrates a case where the optical comb generation unit 130
includes an intensity modulator 136 and a phase modulator
137 connected to each other in series.

The single mode light generated by the light source 110
(refer to FIG. 1) may be provided to the intensity modulator
136. The phase modulator 137 may receive a modulation
result of the intensity modulator 136 and may generate the
basic optical comb. The basic optical comb includes a plural-
ity of light rays having different frequencies. A modulation
voltage V,,,, a first static voltage V, for phase control, and a
second static voltage V , for phase control may be applied to
the intensity modulator 136 and the phase modulator 137.

The optical comb generation unit 130 including the inten-
sity modulator 136 and the phase modulator 137 connected in
series may be formed by a light waveguide structure, which is
composed of a semiconductor material, a polymer material,
or LiNO;. Alternatively, the optical comb generation unit 130
including the intensity modulator 136 and the phase modula-
tor 137 connected in series may be integrated on the same
substrate as that of the light source 110. The optical comb
generation unit 130 of FIG. 3 includes single intensity modu-
lator 136 and single phase modulator 137. However, the opti-
cal comb generation unit 130 may include a plurality of
intensity modulators and a plurality of phase modulators in
order to improve a form of the basic optical comb outputted
from the optical comb generation unit 130.

The configurations described above with reference to
FIGS. 2 and 3 are merely exemplary configurations that the
optical comb generation unit 130 may have. The configura-
tion of the optical comb generation unit 130 is not limited to
the configurations illustrated in FIGS. 2 and 3. The optical
comb generation unit 130 may have a different configuration
from the configurations illustrated in FIGS. 2 and 3.

FIG. 4 is a graph illustrating a characteristic of light out-
putted from an optical comb generation unit that may be
included in an embodiment of the inventive concept. That is,
a characteristic of the plurality of light rays included in the
basic optical comb is described with reference to FIG. 4.

When the single mode light generated by the light source
110 (refer to FIG. 1) is modulated by the optical comb gen-
eration unit 130 (refer to FI1G. 1), a plurality of light rays may
be generated. The plurality of generated light rays may form
a basic optical comb 210. The plurality of light rays included
in the basic optical comb 210 has different frequencies. When
the method of generating the harmonic wave is used by the
optical comb generation unit 130, the plurality of light rays
may be adjusted to have a uniform intensity according to an
amount of phase change and phase difference. However, FIG.
4 merely illustrates an example of the characteristic of the
plurality of light rays included in the basic optical comb 210.
The number of light rays, the intensity of light rays, and a
frequency interval may be changed according to a setting of
the optical comb generation unit 130.

FIG. 5 is a graph illustrating a characteristic of light out-
putted from a frequency band extension unit that may be
included in an embodiment of the inventive concept. That is,
a characteristic of the plurality of light rays included in the
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basic optical comb and the light rays included in each of the
plurality of optical combs is described with reference to FI1G.
5.

When the basic optical comb 210 generated by the optical
comb generation unit 130 (referto FIG. 1) is modulated by the
frequency band extension unit 150 (refer to FI1G. 1), a plural-
ity of optical combs 220, 230, and 240 may be generated. The
basic optical comb 210 may form, together with the plurality
of optical combs 220 to 240, an optical comb distributed in a
wider frequency band Aw.

Each of the plurality of optical combs 220 to 240 includes
light rays, the number of which is the same as that of the
plurality of light rays included in the basic optical comb 210.
The light rays included in each of the plurality of optical
combs 220 to 240 have the same frequency difference with an
adjacent light ray. There is a one-to-one correspondence
between the light rays included in each of the plurality of
optical combs 220 to 240 and the plurality of light rays
included in the basic optical comb 210. A frequency band in
which the plurality of light rays included in the basic optical
comb 210 are distributed and a frequency band in which the
light rays included in each of the plurality of optical combs
220 to 240 are distributed do not overlap each other.

Frequency difference between a first light ray and a second
light ray adjacent to the first light ray, among the plurality of
light rays included in the basic optical comb 210, is the same
as frequency difference between a light ray corresponding to
the first light ray and a light ray corresponding to the second
light ray, among the light rays included in each of the plurality
of optical combs 220 to 240. The plurality of light rays
included in the basic optical comb 210 and the light rays
included in each of the plurality of optical combs 220 to 240
have different frequencies. One of the basic optical comb 210
and the plurality of optical combs 220 to 240 includes a light
ray 225 having the lowest frequency m, or a light ray 245
having the highest frequency w,.

An output of the frequency band extension unit 150 has a
wavelet waveform in time domain. The output of the fre-
quency band extension unit 150 has an envelope of a time
width At which is inversely proportional to a linewidth of an
optical comb in time domain. However, FIG. 5 merely illus-
trates an example of the characteristic of the plurality of light
rays included in the basic optical comb 210 and the light rays
included in each of the plurality of optical combs 220 to 240.
The number of light rays, the intensity of light rays, and a
frequency interval may be changed according to a setting of
the frequency band extension unit 150.

FIG. 6 is a graph illustrating a characteristic of light emit-
ted from a light emission unit that may be included in an
embodiment of the inventive concept. That is, the character-
istic of the sequentially outputted light rays is described with
reference to FIG. 6.

When the basic optical comb 210 (refer to FIG. 4) gener-
ated by the optical comb generation unit 130 (refer to FIG. 1)
and the plurality of optical combs 220 to 240 (refer to FIG. 5)
generated by the frequency band extension unit 150 (refer to
FIG. 1) pass through the light emission unit 170 (refer to FIG.
1), each of light rays included in the basic optical comb 210
and the plurality of optical combs 220 to 240 are sequentially
emitted. The light emission unit 170 may sequentially emit
the light rays according to the frequencies thereof. That is, the
light emission unit 170 may sequentially emit the light rays
from the light ray 245 having the highest frequency to the
light ray 225 having the lowest frequency in a time sequence.

However, FIG. 6 merely illustrates an example of the char-
acteristic of the sequentially emitted light rays. An interval
At, between a time at which the light ray 245 having the



US 9,348,195 B2

9

highest frequency is emitted and a time at which the light ray
225 having the lowest frequency is emitted, and an interval
between each time at which each light ray is emitted may be
changed according to a dispersion characteristic of the light
emission unit 170.

FIG. 7 is ablock diagram illustrating other configuration of
awavelength swept source apparatus according to an embodi-
ment of the inventive concept. A wavelength swept source
apparatus 100 includes a light source 110, polarization con-
trollers 120 and 140, an optical comb generation unit 130, an
optical amplifier or optical attenuator 160, a frequency band
extension unit 150, a light emission unit 170, and an isolator
180. The light source 110, the optical comb generation unit
130, the frequency band extension unit 150, and the light
emission unit 170 have the same structures and functions as
the light source 110, the optical comb generation unit 130, the
frequency band extension unit 150, and the light emission
unit 170 included in the wavelength swept source apparatus
100 of FIG. 1. Therefore, overlapping descriptions will be
omitted.

The single mode light generated by the light source 110 is
provided to the optical comb generation unit 130. The optical
comb generation unit 130 generates the basic optical comb by
modulating the single mode light. If the optical comb genera-
tion unit 130 has such characteristic that it passes a specific
polarization component, the polarization controllers 120 and
140 may be connected to input and output terminals of the
optical comb generation unit 130, respectively. The polariza-
tion controllers 120 and 140 may control a polarization char-
acteristic of input light and/or output light of the optical comb
generation unit 130.

The optical amplifier or optical attenuator 160 may be
connected to an output terminal of the optical comb genera-
tion unit 130. The optical amplifier or optical attenuator 160
may adjust intensity of output light of the optical comb gen-
eration unit 130 according to a set gain value. When the
optical amplifier is connected to the output terminal of the
optical comb generation unit 130, the intensity of the output
light of the optical comb generation unit 130 may be ampli-
fied. When the optical attenuator is connected to the output
terminal ofthe optical comb generation unit 130, the intensity
of the output light of the optical comb generation unit 130
may be attenuated. The optical amplifier or optical attenuator
160 may provide the amplified or attenuated output light of
the optical comb generation unit 130 to the frequency band
extension unit 150.

In FIG. 7, the optical amplifier or optical attenuator 160 is
connected to an output terminal of the polarization controller
140. However, the optical amplifier or optical attenuator 160
may also be connected between the optical comb generation
unit 130 and the polarization controller 140. Furthermore, it
would be obvious that the optical amplifier or optical attenu-
ator 160 may be used to amplify or attenuate intensity of
output light of any component other than the optical comb
generation unit 130. That is, the connecting the optical ampli-
fier or optical attenuator 160 to the output terminal of the
optical comb generation unit 140 is merely an example for
describing the inventive concept.

The light emission unit 170 may include a dispersive fiber
172 and a dispersion controller 174. The dispersive fiber 172
may sequentially output the plurality of light rays included in
the basic optical comb generated by the optical comb genera-
tion unit 130 and the light rays included in each of the plu-
rality of optical combs generated by the frequency band
extension unit 150, according to frequencies thereof. An
interval between each time at which each of the light rays is
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emitted may be changed according to a dispersion character-
istic of the dispersive fiber 172.

The dispersion controller 174 may control the interval
between each time at which each of the light lays is emitted
from the light emission unit 170. The interval between each
time at which each of the light rays is emitted from the light
emission unit 170 is greatly affected by the dispersion char-
acteristic of the dispersive fiber 172. However, the interval
between each time at which each of the light lays is emitted
from the light emission unit 170 may need to be further
adjusted, so that wavelength sweeping is appropriately per-
formed. The dispersion controller 174 controls the interval
between each time at which each of the light lays is emitted
from the light emission unit 170. A characteristic of the light
rays emitted from the dispersion controller 174 will be
described in more detail with reference to FIG. 8.

The isolator 180 may block reflected light from outside of
the wavelength swept source apparatus 100. The isolator 180
may be connected to an output terminal of the light emission
unit 170. The effect of the light reflected from the outside of
the wavelength swept source apparatus 100 may be reduced
by connecting the isolator 180.

FIG. 8 is a graph illustrating a characteristic of light out-
putted from a dispersion controller that may be included in an
embodiment of the inventive concept.

When the basic optical comb 210 (refer to FIG. 4) gener-
ated by the optical comb generation unit 130 (refer to FIG. 7)
and the plurality of optical combs 220 to 240 (refer to FIG. 5)
generated by the frequency band extension unit 150 (refer to
FIG. 7) pass through the dispersive fiber 172 (refer to FIG. 7),
each of the light rays is sequentially emitted. When the
sequentially emitted light rays pass through the dispersion
controller 174 (refer to FIG. 7), an interval between each time
at which each of the light rays is emitted may be adjusted.

As a result, an interval At, between the time at which the
light ray 245 having the highest frequency is emitted and the
time at which the light ray 225 having the lowest frequency is
emitted may be adjusted. That is, the interval between the
time at which the light ray 245 having the highest frequency
is emitted and the time at which the light ray 225 having the
lowest frequency is emitted may be changed according to a
case where the dispersion controller 174 is connected (i.e.
At,) and a case where the dispersion controller 174 is not
connected (i.e. At,, refer to FIG. 6).

FIG. 9 is a graph illustrating a characteristic of a voltage
applied to an optical comb generation unit and a characteristic
of light emitted from a light emission unit according to an
embodiment of the inventive concept. In particular, FIG. 9
illustrates general forms of a first modulation voltage vV, ; and
a second modulation voltage V., , applied to the optical comb
generation unit 130 (refer to FIG. 1) and the output light S _,,,
of the wavelength swept source apparatus 100 (refer to FIG.
1). Here, FIG. 9 illustrates a case where the optical comb
generation unit 130 includes a DEMZM. In the case where the
optical comb generation unit 130 includes an intensity modu-
lator 136 (refer to FIG. 3) and a phase modulator 137 (refer to
FIG. 3) connected to each other in series, only one modulation
voltage is applied to the optical comb generation unit 130.

The first modulation voltage and the second modulation
voltage need to be appropriately set, so that wavelength
sweeping is performed by the light rays emitted from the light
emission unit 170 (refer to FIG. 1) at every specific period of
At,. The first modulation voltage and the second modulation
voltage may be determined according to a modulation fre-
quency f,, and a modulation signal width D.

The first modulation voltage may include modulation sig-
nals 310 and 312 (hereinafter referred to as optical comb
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generation signals) for generating an optical comb based on
the single mode light, and may include signals 320 and 322
(hereinafter referred to as wavelength sweeping signals) for
performing periodic wavelength sweeping. The optical comb
generation signals 310 and 312 have the modulation fre-
quency f,,. Therefore, the optical comb generation signals
310 and 312 have a period corresponding to the reciprocal of
the modulation frequency (i.e. 1/f,,) in time domain.

The period of the wavelength sweeping signals 320 and
322 needs to be synchronized with the wavelength sweeping
period At, of the light rays emitted from the light emission
unit 170. In general, the modulation signal width D in which
the wavelength sweeping signals 320 and 322 are applied
needs to be greater than the reciprocal of the modulation
frequency (i.e. 1/f,). Furthermore, the modulation signal
width D needs to be greater than the time width At (refer to
FIG. 5) of the envelope of the output of the frequency band
extension unit 150 (refer to FIG. 1) in time domain. Moreover,
the modulation signal width D needs to be smaller than the
wavelength sweeping period At, of the light rays emitted
from the light emission unit 170, so that the periodic wave-
length sweeping is appropriately performed.

The second modulation voltage may include optical comb
generation signals 314 and 316 and wavelength sweeping
signals 324 and 326. The first modulation voltage and the
second modulation voltage may have the same modulation
frequency f,, and the same modulation signal width D, and
may have different magnitude from each other. That is, the
characteristics of the second modulation voltage are similar
to those of the first modulation voltage. Thus, detailed
descriptions of the second modulation voltage are omitted.

As an embodiment, an optical switch may be connected to
the output terminal of the optical comb generation unit 130 of
FIG. 1. If the switch is switched according to the wavelength
sweeping period At, and the modulation signal width D, the
wavelength sweeping signals 320, 322, 324, and 326 included
in the first and second modulation voltages may be generated.

The output light S, , of the wavelength swept source appa-
ratus 100 may be obtained after a lapse of a certain period of
time after the first and second modulation voltages are
applied. This is because a delay occurs while the optical comb
travels to an output terminal through a medium after the first
and second modulation voltages are applied. The delay is
reflected to the horizontal axis of the graph with respect to the
output light S_,,,.

The wavelength swept source apparatus 100 may sequen-
tially emit light rays from light rays 330 and 335 having the
highest frequency to light rays 340 and 345 having the lowest
frequency. The output of the wavelength swept source appa-
ratus 100 may have a specific period At,. That is, the wave-
length swept source apparatus 100 may emit the light rays
from the light ray 330 having the highest frequency to the
light ray 340 having the lowest frequency, and then may emit
the light rays from the light ray 335 having the highest fre-
quency to the light ray 345 having the lowest frequency again.
This process is repeated at the specific period At,, so that
periodic wavelength sweeping may be performed.

The value ofthe laser diode current I, , (refer to FIG. 1), the
values of the first and second modulation voltages, the modu-
lation frequency f,,, the modulation signal width D, and the
dispersion characteristics of the dispersion controller 174
(refer to FIG. 7) may need to be appropriately adjusted, so that
the wavelength sweeping is performed at the specific period
At,. However, the output order of the light rays 330 and 335
having the highest frequency and the light rays 340 and 345
having the lowest frequency may be reversed according to a
sign of a dispersion coefficient of the light emission unit 170.
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That is, the graph with respect to the output light S_, , of FIG.
9 is merely an example for describing the inventive concept.

The above-mentioned wavelength swept source apparatus
has a different structure from that of a typical wavelength
swept source apparatus. The wavelength swept source appa-
ratus according to an embodiment of the inventive concept
has a simple structure and thus may be easily implemented.
Furthermore, according to an embodiment of the inventive
concept, a plurality of light rays having different frequencies
may be emitted sequentially, stably and rapidly.

For example, if the wavelength swept source apparatus in
which the frequency band extension unit 150 (refer to FIG. 1)
is formed of a high nonlinear fiber (HNLF), a width of a
wavelength area in which the optical comb outputted from the
frequency band extension unit 150 is distributed is about 100
nm, the light emission unit 170 (refer to FIG. 1) is formed of
an optical fiber of which a dispersion coefficient is about —50
ps/(kmxnm), and length is 5 km, and the dispersion controller
174 (refer to FIG. 7) is not included is used, the wavelength
sweeping period At, (refer to FIG. 9) of about 25 ns is
obtained. That is, wavelength sweeping may be performed at
a high speed according to a tuning rate of about 40 MHz.

FIG. 10 is a flowchart illustrating a method for operating a
wavelength swept source apparatus according to other
embodiment of the inventive concept.

In operation S110, single mode light may be generated.
The single mode light may be generated by a longitudinal
single mode laser diode.

In operation S120, a basic optical comb may be generated
based on the single mode light. The basic optical comb
includes a plurality of light rays having different frequencies.
Each of the plurality of light rays included in the basic optical
comb has the same frequency difference with an adjacent
light ray. In the case where the basic optical comb is generated
using the method of generating a harmonic wave through
phase modulation, each of the plurality of light rays included
in the basic optical comb may be a harmonic wave of the
single mode light.

In operation S130, a plurality of optical combs may be
generated based on the basic optical comb. Each of the plu-
rality of optical combs includes light rays, the number of
which is the same as that of the plurality of light rays included
in the basic optical comb. The light rays included in each of
the plurality of optical combs have the same frequency dif-
ference with an adjacent light ray. There is a one-to-one
correspondence between the light rays included in each of the
plurality of optical combs and the plurality of light rays
included in the basic optical comb. Frequency difference
between a first light ray and a second light ray adjacent to the
first light ray, among the plurality of light rays included in the
basic optical comb, is the same as frequency difference
between a light ray corresponding to the first light ray and a
light ray corresponding to the second light ray, among the
light rays included in each of the plurality of optical combs.
Furthermore, a frequency band in which the plurality of light
rays included in the basic optical comb are distributed and a
frequency band in which the light rays included in each of the
plurality of optical combs are distributed do not overlap each
other. The plurality of optical combs may be generated
according to a self-phase modulation characteristic of a
medium.

In operation S140, the plurality of light rays included in the
basic optical comb and the light rays included in each of the
plurality of optical combs may be sequentially emitted. The
plurality of light rays included in the basic optical comb and
the light rays included in each of the plurality of optical
combs may be sequentially emitted according to frequencies
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thereof. For instance, the plurality oflight rays included in the
basic optical comb and the light rays included in each of the
plurality of optical combs may be sequentially emitted
according to a group velocity dispersion characteristic of a
medium.

According to the method for operating the wavelength
swept source apparatus of an embodiment of the inventive
concept, a plurality of light rays having different frequencies
may be emitted sequentially, stably and rapidly. Furthermore,
the method for operating the wavelength swept source appa-
ratus of an embodiment of the inventive concept is not com-
plicated and thus may be easily carried out.

The above-disclosed subject matter is to be considered
illustrative, and not restrictive, and the appended claims are
intended to cover all such modifications, enhancements, and
other embodiments, which fall within the true spirit and scope
of the inventive concept. Thus, to the maximum extent
allowed by law, the scope of the inventive concept is to be
determined by the broadest permissible interpretation of the
following claims and their equivalents, and shall not be
restricted or limited by the foregoing detailed description.

What is claimed is:

1. A method for operating a wavelength swept source appa-
ratus, the method comprising:

generating single mode light;

generating a first modulation result of the generated single

mode light;

generating a second modulation result of the generated

single mode light, the generating of the second modula-
tion result being performed in parallel to the generating
of the first modulation result;
generating a basic optical comb based on the first modula-
tion result and the second modulation result, the basic
optical comb comprising a plurality of light rays having
identical frequency differences with adjacent light rays;

generating a plurality of optical combs by modulating the
plurality of light rays, each of the plurality of optical
combs including the same number of light rays as the
plurality of light rays, each of the light rays included in
the plurality of optical combs having identical frequency
differences with adjacent light rays, each of the plurality
of'optical combs having a different frequency band from
that of the basic optical comb, which does not overlap
therewith, and the plurality of optical combs being dis-
tributed in a wider frequency band than that in which the
basic optical comb is distributed; and

sequentially emitting, from the wavelength swept source

apparatus, the plurality of light rays and the light rays
included in the plurality of optical combs according to
frequencies of the plurality of light rays and the light
rays included in the plurality of optical combs, over a
lapse of time.

2. The method of claim 1, wherein each of the plurality of
light rays is a harmonic wave of the generated single mode
light.

3. The method of claim 1, wherein the generating of the
plurality of optical combs comprises generating the plurality
of optical combs according to a self-phase modulation char-
acteristic of a medium.

4. The method of claim 1, wherein the emitting comprises
sequentially emitting the plurality of light rays and the light
rays included in the plurality of optical combs according to a
group velocity dispersion characteristic of a medium.

5. The method of claim 1, wherein the generating of the
basic optical comb comprises generating the basic optical
comb using a double electrode Mach-Zehnder modulator
(DEMZM).
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6. The method of claim 1, wherein the emitting comprises
sequentially emitting the plurality of light rays and the light
rays included in the plurality of optical combs according to
one of an increasing order or decreasing order of the frequen-
cies of the plurality of light rays and the light rays included in
the plurality of optical combs.
7. The method of claim 1, wherein
the generating of the first modulation result comprises
generating the first modulation result according to a first
modulation voltageV,,, and afirst static voltage V ;, and

the generating of the second modulation result comprises
generating the second modulation result according to a
second modulation voltage V,,,, and a second static volt-
ageV,,.

8. The method of claim 7, wherein

the first modulation voltage V,,; includes a first optical

comb generation signal and a first wavelength sweeping
signal, and

the second modulation voltage V,,, includes a second opti-

cal comb generation signal and a second wavelength
sweeping signal.

9. A method for a wavelength swept source apparatus, the
method comprising:

generating single mode light;

generating a first modulation result of the generated single

mode light;

generating a second modulation result of the generated

single mode light, the generating of the second modula-
tion result being performed in parallel to the generating
of the first modulation result;

generating a basic optical comb based on the first modula-

tion result and the second modulation result, the basic
optical comb comprising a plurality of light rays, each of
the light rays included in the basic optical comb being
offset from their respective adjacent light rays by a fre-
quency offset;

generating a plurality of optical combs by modulating the

plurality of light rays, each of the plurality of optical
combs including the same number of light rays as the
number of light rays in the basic optical comb, each of
the light rays in the plurality of optical combs being
offset from their respective adjacent light rays by the
frequency offset, each of the plurality of optical combs
having a different frequency band from a frequency
band of the basic optical comb, which does not overlap
therewith, and the plurality of optical combs being dis-
tributed in a wider frequency band than the frequency
band of the basic optical comb; and

sequentially emitting, from the wavelength swept source

apparatus, the light rays in the basic optical comb and the
plurality of optical combs according to their respective
frequencies, over a lapse of time.

10. The method of claim 9, wherein the generating of the
basic optical comb comprises generating the basic optical
comb using a double electrode Mach-Zehnder modulator
(DEMZM).

11. The method of claim 9, wherein the emitting comprises
sequentially emitting the light rays in the basic optical comb
and the plurality of optical combs according to one of an
increasing order or decreasing order of their respective fre-
quencies.

12. The method of claim 9, wherein

the generating of the first modulation result comprises

generating the first modulation result according to a first
modulation voltageV,,, and afirst static voltage V ;, and
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the generating of the second modulation result comprises
generating the second modulation result according to a
second modulation voltage V,,,, and a second static volt-
age V.

13. The method of claim 12, wherein

the first modulation voltage V,,, includes a first optical
comb generation signal, and

the second modulation voltage V,,, includes a second opti-
cal comb generation signal.
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